A detailed mechanistic study on the M ukaiyam a epoxidation of lim onene with dioxygen as oxidant, bis(acetylacetonato)nickel(II) as catalyst, and an aldehyde as co-reagent is reported.
Introduction
The aerobic epoxidation of alkenes with an aldehyde as a co-reagent is an efficient and useful m ethod for the production of fine chemicals. In general, there is a distinction between methods that do not use transition metal catalysts (see for exam ple K aneda1 and Lassila2) and the m ore widely explored systems which make use of such a catalyst. The latter m ethod was investigated in detail by M ukaiyam a et al. , 3 -1 8 and is therefore often referred to as the M ukaiyam a epoxidation. The m ethod is very mild: usually the reactions are performed at room tem perature and they often display epoxide selectivities up to 1 0 0 % at full conversion of the alkene. Furtherm ore, the product form ation is com plete in a few hours, whereas the uncatalyzed reaction takes a day or more to reach the m axim um conversion. These characteristics make the M ukaiyam a m ethod attractive for industrial applications, despite the fact that m ore than stoichiometric amounts of the co-reacting aldehyde are needed.
The uncatalyzed epoxidation of alkenes using m olecular oxygen with co-oxidation of an aldehyde appears to proceed via a m echanism related to aldehyde autoxidation (Scheme 1, eq. 1, 2). The acylperoxy radical form ed in eq. (2) has been shown by Lassila2 to be the epoxidizing species (eq. 3, 4a). It was suggested that the carbon dioxide which is found as a side product originates from the unstable carboxyl radical generated during the epoxidation.
This radical is so unstable that it decarboxylates before it can abstract a hydrogen atom, forming CO2 and an alkyl radical (eq. 4b). The latter radical is subsequently oxidized by O2 to give an alkyl peroxyradical which abstracts a hydrogen atom and forms an alkylhydroperoxide (Scheme 2, eqs. 6 , 7) . Alternatively, two alkylperoxy radicals may com bine to form a tetroxide. This com pound rearranges via a so-called Russell term ination19 to generate a ketone and an alcohol (K + A), provided that a-hydrogens are present (Scheme 2, eqs. 8 , 9) . If no a-hydrogens are available, the alkylperoxy radical abstracts a hydrogen and forms an alkylhydroperoxide. Lassila found t-butylhydroperoxide and CO 2 in a 1:1 ratio as the products of the epoxidation of diisobutylene with pivaldehyde (R = t-butyl) as co-reagent, supporting eqs. 4-7. The epoxidation-decarboxylation reaction is likely to proceed concertedly (eq. 5) as Lassila has shown.2
---SC H EM E 1, SC H EM E 2 ---
In addition to epoxidation, the acylperoxy radical which is form ed in eq. 2 may abstract a hydrogen atom from another aldehyde m olecule to give a peroxy acid and an acyl radical, thus propagating the autoxidation chain (Scheme 3, eq. 10). Peroxy acid (or peracid for short) is a com peting epoxidizing agent (eq. 1 1 ), generating carboxylic acid in a non radical epoxidation pathway. Peracid may also react with aldehyde yielding two molecules of carboxylic acid which terminates the radical chain (eq. 12). Furtherm ore, the acyl radical generated during the autoxidation steps (eqs. 1 and 1 0 ) may decarbonylate in an endothermic reaction to form an alkyl radical and carbon m onoxide (eq. 13). All these reactions consume aldehyde w ithout generating epoxide via the radical epoxidation pathway, and therefore do not generate ketone and alcohol (K + A) and CO2.
---SC H EM E 3 ---
The transition-m etal catalyzed epoxidation of alkenes using m olecular oxygen and i-butyraldehyde as a co-reagent (the M ukaiyam a epoxidation) was studied in detail by Nam et al.2 0 As substrates, limonene, stilbene, styrene, and cyclohexene were used, and as catalysts several cyclam and porphyrin com plexes of e.g. nickel(II), cobalt(II), manganese(III), and iron(III) were tested. It was proposed that autoxidation of aldehyde plays an im portant role in this metal catalyzed reaction, ju st as it does in the uncatalyzed oxidation of alkene and aldehyde with m olecular oxygen. On the basis of the results of cis-stilbene epoxidation it was concluded that the oxidizing species is an acylperoxy radical, and not a peroxy acid. A m ixture of cis-and trans-stilbene was obtained indicating that a freely rotating radical (as in eq. 3) is the main intermediate. A cylperoxy radicals are know n to preferentially react with the double bonds of alkenes yielding epoxides (Scheme 4, eq. 14), whereas hydroxy and alkylperoxy radicals tend to abstract allylic hydrogens giving allylic oxidation products (Scheme 4, eq. 15). A good substrate to investigate w hether the oxidizing species has a preference for allylic oxidation or epoxidation is cyclohexene. This molecule has four allylic hydrogen atoms and is therefore very sensitive to allylic oxidation. Using cyclohexene as a substrate, Nam et a l. found epoxide as the predom inant product. The product distributions appeared not to depend on the type of metal com plex that was used as the catalyst.20 It was concluded that the only role of the metal com plex was the stabilization the acylperoxy radical.
Unfortunately, the products evolving from the aldehyde were not isolated as was done for the uncatalyzed co-oxidation of the alkene and aldehyde by Lassila et al. 2 It was assumed that carboxylic acid, form ed through hydrogen abstraction by the carboxyl radical from either the substrate or the aldehyde was the exclusive product.
---SC H EM E 4 ---
In an earlier study,21 we investigated the scope and mechanism of the M ukaiyam a epoxidation. W e provided new evidence for the radical nature of the reaction, and we proposed a tentative m echanism in which the nickel catalyst may serve to stabilize the epoxidizing species, i.e. the acylperoxy radical.
M izuno et al. 22 also investigated the M ukaiyam a epoxidation using three different polyoxom etalates as catalysts, i-butyraldehyde as co-reagent, and cyclohexene as substrate. In contrast to Nam et al.,20 they noted the form ation of allylic oxidation products i.e. cyclohexanol and cyclohexanone, and observed that the uncatalyzed co-oxidation of cyclohexene and i-butyraldehyde gave a very high selectivity ratio (SR) of epoxide to allylic oxidation product, albeit in a very slow reaction. On the other hand, the catalyzed reaction gave low er selectivity ratios, but was much faster. The SR was found not to vary between the three different catalysts.
Despite the interesting results of the study of Lassila et al. on the uncatalyzed reaction,2 no com parable studies have been published for the metal catalyzed epoxidation of alkenes using m olecular oxygen as oxidant and an aldehyde as co-reagent. W ith this paper, we intend to fill this gap by presenting a quantitative study of all the products evolving from the M ukaiyam a epoxidation. W e were particularly interested in the aerobic epoxidation of S-limonene (Scheme 5, S-1), under M ukaiyam a's conditions using nickel(II) P-diketonate com plexes (3) as catalysts. Lim onene epoxidation is of interest as the first step in a new industrial route for the manufacture of carvone [2-methyl-5-(1-methylethenyl)-2-cyclohexen- 1 -one], an im portant spearmint flavor compound, and was therefore investigated as the main substrate in this study. As a co-reacting aldehyde in the M ukaiyam a epoxidation, i-butyraldehyde 4 is widely applied. However, since it was expected that low m olecular weight ketone and alcohol (i-propanol and acetone in this case, Scheme 2, eq. 9) which are volatile and not easily analyzed quantitatively, will evolve from the reaction, we chose to use a higher m olecular weight aldehyde as well for our studies. The results obtained with this aldehyde will be com pared to those obtained with i-butyraldehyde.
Furtherm ore, we felt that in addition to M izuno's studies22 much can be learned from a detailed study of the use of various transition metal catalysts in the M ukaiyam a epoxidation.
Prelim inary results from our group had indicated that there is indeed a difference in selectivity ratio (SR) between different metal catalysts in the M ukaiyam a epoxidation of cyclohexene in contrast to M izuno's conclusions. 22 This w ould suggest that the metal catalyst has a more com plex role than ju st stabilizing the oxidizing species in the reaction as Nam et al.
concluded.20 For these studies cyclohexene instead of lim onene was used as the substrate, since the form er com pound in contrast to the latter is more sensitive to allylic oxidation (vide infra).
Experimental

M aterials
Dipentene (RS-limonene, [1-m ethyl-4-(1-methylethenyl)cyclohexene], Aldrich, tech.), toluene (Baker, analytical grade) and cyclohexene (Aldrich, 99% or Fluka, 99.5%) were used as received. Dichlorom ethane (Baker, analytical grade), i-butyraldehyde (Aldrich) and 2-methylundecanal (Aldrich, 95%) were distilled before use. Bis{pentane-2,4dionatojcobalt(II) (Co(acac)2), bis{pentane-2,4-dionato}nickel(II) (Ni(acac)2, 3a) and bis{3-(p-tert-butylbenzyl)pentane-2,4-dionato|nickel(II) (3b) were prepared as described earlier23 and dried by azeotropic distillation with toluene. All other metal salts and complexes were com m ercial samples and were used as received. Oxygen and nitrogen gases were from A ir Liquide and Hoek Loos and were used as received. The autoclave was opened and N i(acac)2 and aldehyde 4 or 5 (corresponding to 0.1 mol% and 3 m ol equivalents with respect to alkene respectively) were added quickly and the autoclave was closed and pressurized again. This point was taken as t = 0. During the reaction the pressure was kept at 7.0±0.1 bar, the tem perature was 25.0±0.1°C, and the stirring rate was 1500 rpm. Samples were taken regularly and analyzed with GC using 1,2,4-trichlorobenzene as the external standard and 2-(t-butyl)-4-methylphenol as a stabilizer for the samples. The oxygen content of the exhaust gas was registered and the CO 2 and CO content were read on line with a personal computer. The experim ental error (deviations of the measuring apparatus) was much less than 1 %.
The epoxidations of cyclohexene catalyzed by different metal com plexes were performed in a glass vessel at room temperature. As a co-reagent in the M ukaiyam a epoxidation an a-branched aliphatic aldehyde is most suitable. W hile Z-butyraldehyde (4) is com m only em ployed in this reaction (vide infra), we used 2-methylundecanal (5) to study the product that evolve from the reaction. The choice for 5 was based on the high boiling point of this com pound and of the potential oxidation products, which assures that these products do not evaporate during their analysis allowing a quantitative identification by GC and GC-MS. In the epoxidation run shown in Figure 1 , lim onene was reacted with 2.9 equivalents of 2-methylundecanal 5 (R = C9H 19 in Scheme 5) in toluene in an autoclave. 0.1 Mol% of N i(acac)2 (3a) was used as the catalyst. In the upper panel of Figure 1 , the consumptions of lim onene 1 and aldehyde 5 are plotted, together with the form ation of epoxide 2. Furtherm ore, the consumption of O2 is plotted (an increasing curve, not a decreasing one). In Figure 1 i-Butyraldehyde has been widely studied as a co-reagent in this epoxidation system, but only lim ited quantitative inform ation is available concerning the fate of this aldehyde. W e decided, therefore, to perform some quantitative studies using dipentene (a m ixture of R-and S f In this particular experiment, CO2 formation was not recorded although it is expected to be occur on the basis of Scheme 1 and Scheme 2.
lim onene 1) in toluene with 3 equivalents of i-butyraldehyde and 0.1 mol% of N i(acac)2 at 7 bar of 8 % O2 in N 2 (standard conditions, see Experim ental section and Figure 3 ). As can be seen in Figure 3 , the conversion of lim onene reaches 8 8 % after 24 hours with an epoxide selectivity of 54%. The latter is at m axim um after 3 hours (90% at 78% conversion of alkene) after which the exocyclic double bond is oxidized to form 6 and further oxidation of limonene m ono-epoxide is observed (i.e. 7 is formed).
---FIG U RE 3 ---
Since it was difficult to quantitatively determ inate the low m olecular weight, volatile products form ed from i-butyraldehyde during the oxidation, the am ount of carbon dioxide and carbon m onoxide present in the exhaust gas were m easured instead to follow the course of the i-butyraldehyde conversion. From Scheme 1 and Scheme 2 and the data presented above it can be concluded that CO2 and K+A are form ed in equim olar amounts since they evolve from the same reaction step (eq. 4). CO is expected as a byproduct (Scheme 3), but at the standard reaction tem perature of 25°C, no carbon m onoxide was detected in the exhaust gas. As can be judged from Figure 3 , the am ount of CO 2 form ed during the first 3 hours (up to 70% conversion of the reaction at 25°C) is approxim ately 60% of the am ount of epoxide formed.
CO2 and CO form ation was also determ ined at three other temperatures, viz. at 18.8°C, 35°C, and 45.0°C (Figure 4) . The experiments were performed in duplicate and the deviation was found to be less than ±5%. CO form ation was negligible at 18.8°C and 25.0°C, but at higher temperatures appreciable amounts of this gas were form ed (solid lines in Figure 4 ) as expected for an endothermic decay of an interm ediate acyl radical (see Introduction section). A t 45°C, decarbonylation had increased to 4 m m ol (about 10% of the am ount of epoxide formed). The tem perature dependence of the CO and CO2 form ation was found to be different. W hereas CO form ation increased rapidly with temperature, CO2 form ation ceased to increase on raising the tem perature from 35.0°C to 45.0°C, after an initial increase on going from 18.8°C to 35.0°C.
W e presum e that the rate of the epoxidation reaction (eqs. 3-5) does increase with increasing temperature, but that the rate of form ation of the oxidizing species, viz. the acylperoxy radical (eq. 2 ), is reduced at these temperatures due to prem ature decarbonylation of the acyl radical (eq. 13). W e may conclude that 25°C is the optim um tem perature for this reaction, because no side reactions leading to CO are taking place. The rate of epoxidation of lim onene as a function of the i-butyraldehyde concentration catalyzed by the two N i-com plexes was m onitored by measuring the rate of CO2 formation. In the case of catalyst 3a, this rate was also m easured directly, viz. by determ inating the rate of epoxide formation. In the analysis, the reaction rate was taken as the slope of the linear part of the concentration-tim e plot, usually from circa 5% to 80% conversion. In Figure 5 , catalyst 3b is only slightly faster than that with 3a. From the rate of epoxide form ation the first order rate constant of the 3a-catalyzed reaction was calculated to be k 1;3a = (2.8± 0.2)x10-5 s-1 ( Figure 5 , a), which is similar to that calculated from the CO2 form ation curve. W e may conclude that the catalysts differ in reaction rate at a given aldehyde concentration, although the values of k 1 are similar.
The rate of the reaction was also m easured at different catalyst concentrations varying from 0.01 to 0.5 mol% with respect to alkene at otherwise standard conditions (Experimental section). The results are shown in Figure 6 . The rates of the reactions catalyzed by both 3 a and 3b level off when the am ount of nickel(II) becomes higher. The reaction catalyzed by 3b is faster than that of 3 a at low catalyst concentrations, but the form er catalyst seems to become more easily deactivated at high concentrations than the latter (see the Discussion section). reported here, more than 94% of the initial mass was recovered after the reaction had ended.
This means that no large amounts of compounds had escaped from the reaction vessel by evaporation or otherwise. Typically, 85-90% of the products in the recovered reaction mixture could be identified. Among the unspecified products were several terpenes in amounts less than 0.5%.
In separate experiments the oxygen content of the incoming gas m ixture was varied from 6 % v/v to 15% v/v, corresponding to a partial oxygen pressure of 0.4 to 1.0 bar, under otherwise standard conditions.* This was found to have no influence on the form ation of any of the products or the rates of their formation. In an earlier study21 we had found that, using a magnetically stirred ( 1 0 0 0 rpm) glass vessel, the reaction rate did depend on the oxygen pressure between 0.2 and 1.0 bar. This im plies a diffusion lim ited reaction. In the present setup we did not observe such a dependence. This discrepancy illustrates the im portance of a good mixing of the phases when the kinetics of a gas-liquid reaction are studied.
The total pressure in the autoclave was varied between 2 to 15 bar, which again had no effect on the reaction at all. The stirring rate was changed from 500 to 1500 rpm and the rate of epoxide form ation was measured. Going from 500 to 1000 rpm, the reaction rate increased, but from 1000 to 1500 rpm, the rate rem ained constant. W e may conclude, therefore, that the epoxidation reaction was not physically lim ited under the conditions we applied to study the however, to establish the occurrence of allylic oxidation (vide infra). Therefore, we decided to study the oxidation of the m ore sensitive substrate cyclohexene and to com pare the selectivity ratios of a num ber of different transition metal salts and metal P-diketonate com plexes (Table   1) . These experiments were aimed at finding a catalyst that com bines a reduced tendency for (unwanted) allylic oxidation with a high rate of epoxidation.
--- which displayed an SR of 11.4 at 93% conversion (entry 10). The three metals that have been ♦ The reaction under standard conditions afforded 25 mmol (42%) of epoxide and 40 mmol of /-butyric acid after 4 hrs.. The induction period was ca. 50 min. When only /-butyraldehyde (180 mmol) and toluene (150 ml) were loaded into the autoclave and O2 was added, no reaction took place: no oxygen was taken up and neither carboxylic acid nor CO2 were formed. When Ni(acac)2 was added to this mixture, CO2 was formed in only very small amounts (ca. 4.5 mmol after 22 hrs.), and /-butyric acid was formed (117 mmol) as the exclusive product. It is concluded, therefore, that the uncatalyzed autoxidation of /-butyraldehyde is too slow to be observed at room temperature. m ost frequently studied in oxidations, viz. cobalt(II), manganese(II), and iron(III). were somewhat less selective and less efficient (entries 6-9, 1 1 ). VO(acac)2 (entry 1 2 ) gave epoxide and allylic oxidation products in an SR of 3, and Cr(acac)3 gave alm ost no conversion (entry 13). N either of these com plexes are suitable as a catalyst for the M ukaiyam a oxidation.
Remarkably, in all experiments w here a reaction took place, with the exception of the nickel and copper catalyzed reactions, clear color changes were observed (see Table 1 ). W e found that the selectivity of the oxidation reaction was very sensitive to small changes in the reaction conditions. For example, the use of non-dehydrated or dehydrated nickel acetate as a catalyst resulted in a considerable SR difference (entries 4 and 5). N ot all differences in SR, however, can be ascribed to the presence of w ater in the reaction mixture. The SR was already shown by M izuno22 to be solvent dependent, a non-coordinating solvent such as dichlorom ethane giving a higher SR than a coordinating one such as acetonitrile. In the radical pathway, the active epoxidizing species are acylperoxy radicals formed by radical chain autoxidation of the aldehyde (Scheme 1) . 19 The ratio of the radical and non radical pathways has an influence on the type of products derived from the aldehyde. Thus, in * It should be noted that we did not deliberately initiate the oxidation reaction, which results in variable induction times, but not in different oxidation rates and reported conversions.
Discussion
the non-radical peracid epoxidation pathway, the aldehyde is expected to be converted into the corresponding carboxylic acid, whereas in the radical epoxidation route lower molecular weight products are form ed from the aldehyde (Scheme 2). Form ation of these lower m olecular weight compounds is accompanied by CO 2 form ation as was shown by Lassila et al. 2 for pivaldehyde, which is degraded into tert-butylhydroperoxide and tert-butanol. These authors rationalized their findings by assuming a concerted decom position of an acylperoxyalkene adduct into epoxide, CO2, and an alkyl radical (eq. 5) which is rapidly trapped by dioxygen (eq. 6 ). The fact that aromatic carboxyl radicals decarboxylate m uch slower (1 0 6 s-1) 32 accounts for the observation21 that aromatic aldehydes such as benzaldehyde are not active as co-reagents in the M ukaiyam a system. The alkyl radical that results from the decarboxylation m ay be stabilized by the nickel center and form a Ni-alkyl complex. This is know n to occur in nature in the chem istry of the cofactor F430, which converts thioethers to m ethane via a m ethyl-Ni com plex.33
A consequence of the concerted decom position shown in Scheme 1, eq. (5), is that equim olar amounts of epoxide, CO2, and lower m olecular w eight alkyl radical oxidation products are expected if epoxidation proceeds exclusively through the radical mechanism. In the case of 2 -methylundecanal, we do not find alkylhydroperoxide besides CO2, but instead 2 -undecanol and 2 -undecanone, which are form ed in alm ost equal amounts during the first 2 hours of the reaction. Their equim olar form ation is strong evidence for the interm ediacy of unstable alkylperoxy radicals, which decom pose into a 1 :1 m ixture of ketone and alcohol via a Russell term ination, 19 which is outlined in Scheme 2, eqs. (8 ) and (9) . The fact that somewhat more ketone is form ed is explained by the easy oxidation of the alcohol to the ketone under the autoxidation conditions. H oward34 has provided a sim ilar explanation of the form ation of a slight excess of ketone in the Russell term ination on the basis of a bicyclic tetroxide which decom poses to form ketone and hydrogen peroxide.
Since the com bined am ount of undecanone and 2-undecanol is only 50-60% of the total am ount of epoxide observed during the first hours of the epoxidation (~90% conversion),
we presum e that circa 40-50% of the epoxide is form ed through the non-radical peracid pathway. This pathway generates 2-m ethylundecanoic acid which was also detected as a m ajor product derived from the aldehyde (Scheme 3). The com bined occurrence of both peracid and radical epoxidation is also deduced from the am ount of CO2 form ed during the aerobic epoxidation of lim onene in the presence of i-butyraldehyde. Figure 3 shows that the am ount of CO2 is approxim ately 60% of the am ount of epoxide form ed during the first 2^ hours of the reaction (at 70% conversion), whereas an equim olar am ount is expected if radical epoxidation is the exclusive pathway. Thus, as with 2-methylundecanal, aerobic epoxidations with ibutyraldehyde are also likely to proceed via concom itant radical and peracid pathways.
In a study of the uncatalyzed co-oxidation of alkene and aldehyde V reugdenhil and
Reit30 found that the percentage of radical epoxidation is around 45. This percentage was influenced by the ratio of olefin to aldehyde and by the reactivity of the alkene, but not by the type of aldehyde. This conclusion is supported by our results for the catalyzed reaction shown
in Figure 2 , which shows that the CO2/epoxide ratio increases to a 1:1 level if the aldehyde/alkene ratio is lowered to 1.2:1, in contrast to the 3:1 ratio used in the other experiments.
In fluence o f th e ald eh y d e/alk en e ra tio on th e M u k a iy a m a ep o x id atio n
The M ukaiyam a epoxidation proceeds smoothly when an excess of aldehyde with respect to alkene is applied, as many researchers have noted. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] This may be clarified by Scheme 3. In eq. ( 1 0 ), an acylperoxy radical abstracts a hydrogen atom from another aldehyde molecule, forming peroxy acid and an acyl radical, thus propagating the radical chain but not generating epoxide. Subsequently, two m olecules of carboxylic acid may be form ed from the reaction of a peroxy acid with an aldehyde (eq. 12). Aldehyde is consum ed again w ithout the formation of epoxide. The am ount of acid form ed and thus the am ount of aldehyde consum ed could depend on the catalyst, the substrate and the reaction conditions. In the system that we studied, only approxim ately half of the aldehyde is converted into carboxylic acid.
There are, however, m ore reasons why the ratio of aldehyde to alkene in the M ukaiyam a epoxidation is larger than 1. For exam ple, as can be seen in Figure 5 , it is evident that epoxidation under our conditions only proceeds if the aldehyde/alkene ratio exceeds a certain value (~0.5 m olar equivalents). In an interesting series of investigations by W ittig and co-w orkers,35-41 it was shown that in the uncatalyzed co-oxidation of alkene and aldehyde some alkenes are capable of retarding the autoxidation of benzaldehyde. W ith an increasing ratio of alkene to benzaldehyde, the rate of autoxidation decreased. These results may bear upon the requirem ent of a m inim um aldehyde/alkene ratio in our experiments: when this ratio is too low, i.e. when a large am ount of alkene is present with respect to aldehyde, the alkene m ight inhibit the aldehyde autoxidation (eqs. 1 -2 ) and hence no oxidizing acylperoxy radical is generated. Furtherm ore, at an aldehyde/alkene ratio where epoxidation does not proceed, the epoxidation cannot be induced by raising the concentration of N in catalyst. Thus, the aldehyde/alkene ratio seems to be m ore im portant than the ratio of aldehyde to NiII. A further rationalisation for the requirem ent of a m inim um aldehyde/alkene ratio can be found in the work of Filippova and B lyum berg.42 They observed that the rate of the uncatalyzed alkene epoxidation with aldehyde co-oxidation ceases to depend on the alkene concentration above a certain threshold value of this concentration. They assume that the acylperoxy radical and the alkene form an adduct (Scheme 1, eq. 3) so that at a certain alkene concentration all acylperoxy radicals are trapped in this adduct. As a result, the concentration of free, unbound acylperoxy radicals, which can act as chain carriers during aldehyde autoxidation and as oxidizing agents, is too low to allow for efficient epoxidation.
A t high aldehyde concentrations (more than four equivalents with respect to alkene, i.e. at an aldehyde concentration >1.5M ), the epoxidation reactions show a sudden drop in rate ( Figure 5 ). An explanation may be given based on the w ork by M izuno22 who noted that the aerobic oxidation of aliphatic aldehydes becomes lim ited by m ass-transfer at aldehyde concentrations higher than 2-5 mol%. The points where the curves in Figure 5 bend, correspond to 15 mol% of aldehyde (1.6 mol) in 150 ml of toluene and mass transfer m ight becom e a serious problem in that case. A solvent effect on the reaction rate may also play a role, since a 2.7M solution of aldehyde in toluene (10 equivalents of aldehyde with respect to alkene) consists for 30% v/v of aldehyde.
However, we favor a different explanation for the decreased reaction rate at high aldehyde concentration. It is im portant to note that the rate of reaction in Figure 5 was m easured by the form ation of epoxide or CO2, in other words: when no epoxide or CO2 is form ed in the oxidation process in the reaction vessel, no reaction is observed. One such a process is the reaction of the aldehyde with the acylperoxy radical yielding a peroxy acid and an acyl radical (Scheme 3, eq. 10), thus propagating the autoxidation chain (i.e. conversion of aldehyde) w ithout generating epoxide or CO2. Competing with this reaction is the oxidation of alkene by the acylperoxy radical (Scheme 1, eqs. 3-5) which does yield CO2 and epoxide that are m easured and plotted in Figure 5 . The relative rates of these two reactions, which depend on the alkene and aldehyde concentrations, determ ine the overall rate which is measured.
W hen the aldehyde concentration is relatively high with respect to the alkene concentration, aldehyde oxidation is much faster than epoxidation (with CO2 formation) and an epoxidation rate of zero is eventually measured.
In fluence o f th e m etal c ataly st on th e M u k a iy a m a epo x id atio n .
M izuno et al. have observed that the metal catalyst influences the ratio of epoxidation versus allylic oxidation, but that the nature of the metal has no effect on this ratio.22 Our cyclohexene oxidation experiments with various metal catalysts confirm that there is an influence of the metal catalyst, but contrary to M izuno we find a dependence of the selectivity ratio on the nature of the metal (see Table 1 ), i.e. metals with a tendency for high oxidation states (vanadium, manganese, cobalt) induce m ore allylic oxidation than metals which do not have such a tendency (nickel and copper). For nickel, the absence of a significant concentration of the N im high oxidation state is evident from the absence of an EPR signal in the reaction m ixture21 (Nin is silent in conventional EPR, whereas N im com plexes do exhibit EPR signals48). In addition, both for nickelII as well as for copperII catalysts, no color changes are observed during the reaction, suggesting that no appreciable amounts of a highly colored which means that all carbon centered radicals form ed in Scheme 6 are quickly trapped by dioxygen (Scheme 1, eq. 2). The form ation of acyl radicals (eq. 18) is supported by the observation that at higher reaction temperatures CO is generated (see Scheme 3, eq. 13), since at these high temperatures acyl radical decarbonylation may be faster than their trapping by O2.
The reaction sequence of Scheme 6 , which explains the very low concentration of nickel in its high N im oxidation state, rationalizes the low am ount of allylic oxidation products Cun are much less stable than the high valent com plexes of the other studied metals and will not be present in large amounts in the reaction mixture. The uncatalyzed reaction produces only acylperoxy and carboxyl radicals (Scheme 1 and Scheme 2) which are much more likely to add to a double bond than to abstract an allylic hydrogen atom, thus giving a very high selectivity ratio in favor of epoxidation.
In an earlier study we proposed that the epoxidizing acylperoxy radical is stabilized by a N i! species (a low oxidation state species) . 21 It was assumed that in the initiation step, proton abstraction is accompanied by the uptake of an electron from the aldehyde by NiII, thus generating an acyl radical and NiI. In our discussion we suggested that an interm ediate NiIII species w ould also be conceivable.21 From our present results, we may tentatively conclude that the latter possibility, i.e. N im, is more likely, although only as an elusive intermediate species.
It may be expected that coordination of the aldehyde to the nickel center is hindered when the Ni is 6 -coordinate (i.e. as in 3a) which thus would slow down the reaction. Since the reaction with the square planar com plex 3b is faster at low catalyst concentrations ( Figure 6 ), it may be concluded that aldehyde coordination is influenced by the catalyst structure in solution.* The same figure shows that at higher catalyst concentration, the rate of the reaction * Note that in Figure 5 it appears as if there is only a slight difference in reaction rate between the two nickel catalysts. However, the nickel concentration at which these experiments were done correspond to the point in Figure 6 where the lines cross, i.e. the observation of equal rates in Figure 5 is a coincidence. slows down. This feature has been observed earlier by our group23 and also by Kholdeeva et al. , 4 3 ,53 and is consistent with the radical autoxidation mechanism. Kholdeeva et al.
concluded that the observed dependence may be interpreted as being the result of the participation of the catalyst (Mn+) in a chain term ination reaction, for exam ple, when acylperoxy radicals react to form M (n+1)+-R C O 3", which is inactive. Nickel(II) cyclam com plexes have also been shown to exhibit this behavior.54 In our system, the monomeric com plex 3b apparently is more efficient in trapping radicals than the (partially) trimeric com plex 3 a which becomes evident at higher catalyst concentrations. Interestingly, the concentration at which a negative effect of the nickel catalyst is observed is much higher than that of cobalt catalysts: 1 0 -4 m ol l-1 for cobalt4 3 ,53 versus more than 2 x 1 0 -3 mol l-1 for nickel ( Figure 6 ). Thus, nickel is fortunately under our conditions not an efficient chain term inating agent which allows us to use much higher concentrations of this catalyst to increase the reaction rate.
Conclusion
W e have shown that the aerobic epoxidation of lim onene with nickel(II) P-diketonate as a catalyst and an aldehyde as co-reagent shows some unexpected and interesting features when studied in detail. First of all, low m olecular weight alcohol and ketone together (K + A) are form ed in a less than 1:1 ratio (circa 50-60%) with respect to epoxide. C oncom itant formation of carbon dioxide resulting from the decarboxylation of a carboxyl radical was detected quantitatively and also in a less than 1 :1 ratio with respect to epoxide, as expected from Scheme 1 and Scheme 2. It is im portant to note that this ratio changes to a 1:1 ratio when the ratio of aldehyde to alkene is reduced from 3 to 1. The products (CO2, ketone and alcohol) are form ed after radical epoxidation of alkene by an acylperoxy radical which is form ed through autoxidation of aldehyde (Scheme 1). A non-radical epoxidation pathway via a peracid route (Scheme 3) plays an appreciable role when the ratio of aldehyde to alkene is 3:1. This produces carboxylic acid as the oxidation product from the aldehyde. Radical autoxidation becomes the exclusive pathway when the reaction conditions are altered to low aldehyde to alkene ratios, e.g. 1 :1 .
From the study of the oxidation of cyclohexene as substrate we conclude that the metal catalyst in the M ukaiyam a epoxidation not only influences the initiation and the rate of the reaction, but also the selectivity for epoxide versus allylic oxidation products. Nickel(II) appears to be the best epoxidation catalyst in a series of metal salts and metal complexes tested as catalysts. This metal enhances the rate of oxidation with respect to the blank reaction and also gives the highest epoxidation/allylic oxidation ratio. In other words, for a substrate that is sensitive to allylic epoxidation, a NiII catalyst is the best choice in the M ukaiyam a epoxidation. The low degree of allylic oxidation with Ni catalysts is rationalized by the very low concentration of nickel in its N im high oxidation state during the reaction. The very strong predom inance of N in species over N im species is thought to result from the fast reduction of N im by the aldehyde, com pared to the slower oxidation of N in to N im by peracid. For metals that are less readily reduced by the aldehyde, such as vanadium, manganese, and cobalt, the high oxidation state of the catalyst prevails. Consequently, a significant degree of allylic oxidation is observed. For other conditions see Figure 3 and Experim ental section. 
